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Abstract 


Successful  application  of  the  electrothermal  chemical  (ETC)  propulsion  concept  will  require 
an  understanding  of  the  propagation  and  interaction  of  plasmas  in  propellant  beds.  This 
information  is  necessary  to  exploit  the  ignition  and  combustion  control  that  is  possible  with 
plasmas.  Toward  this  end,  an  experimental  program  was  designed  to  gain  an  understanding  of 
the  functioning  of  the  plasma  and  the  interaction  of  the  plasma  with  the  propelling  charge,  and 
finally  a  series  of  30-mm  gun  tests,  incorporating  the  experience  gained  in  the  first  two  parts  of 
the  program,  was  conducted. 

This  report  describes  the  results  of  the  first  two  parts  of  this  program.  Here  results  are 
described  of  tests  on  different  igniter  centercore  configurations  to  be  used  for  distributing  the 
electrical  plasma  within  the  combustion  chamber.  High-speed  photographic  measurements  were 
made  of  open  air  firings  (with  various  centercore  designs)  and  in  a  30-nim  gun  simulator. 
Propagation  velocities  along  with  the  time-sequence  of  events  for  the  functioning  in  the 
centercore  tubes  were  recorded.  High  axial  pressure  gradients  were  observed,  necessitating 
mechanically  robust  centercores.  Radiation  levels  substantially  in  excess  of  conventional  igniters 
were  also  noted.  These  observations  were  exploited  in  the  design  of  a  plasma  distribution 
centercore  for  30-mm  gun  tests. 
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1.  INTTIODUCTION 


The  electrothemal  chemical  (ETC)  propulsion  concept  has  been  proposed  as  a  technique  for  increasing 
projectile  muzzle  velocity  by  enhancing  conventional  chemical  gim  performance.  The  improvement  in 
gun  performance  was  based  on  two  concepts:  (a)  the  electrical  energy  would  supplement  the  conventional 
propellant  chemical  energy,  and,  (b)  since  the  input  of  the  electrical  energy  is  readily  programmed,  it  could 
be  selectively  introduced  into  the  gun  chamber  to  maintain  an  ideal  (flat)  pressure  profile  for  a  longer 
time,  increasing  the  muzzle  velocity.  To  test  these  ideas,  ideal  interior  ballistic  calculations  were  carried 
out  on  numerous  gun  systems  to  estimate  the  potential  performance  gains  from  employing  the 
electrothermal  concept  (White,  Oberle,  and  Juhasz  1992).  The  calculations  showed  that,  using  realistic 
sized  power  supplies  together  with  standard  conventional  solid  propellant  charges,  only  marginal 
performance  improvement  was  realized,  even  under  ideal  conditions.  However,  it  was  discovered  that 
more  significant  improvement  could  be  achieved  by  using  higher  loading  density  and/or  energy  charges. 
In  practice,  though,  the  high-loading  density  charges  are  difficult  to  ignite  in  a  reproducible  manner  with 
conventional  chemical  igniters.  Moreover,  practical  propellant  grain  geometry  design  limits  performance 
improvement  at  high-loading  densities  since  the  propellant  will  not  bum  up  prior  to  muzzle  exit  (Robbins 
1993;  White  et  al.  1994).  However,  since  the  electrical  energy  pulse  can  be  carefully  tailored  and  ignition 
and  flame  spreading  can  be  improved  because  of  plasma  characteristics  such  as  velocity  and  temperature, 
it  is  believed  that  electrothermal  energy  could  be  used  to  overcome  these  difficulties.  To  capitalize  on 
the  potential  performance  gain  offered  by  ETC  concepts  with  high-loading  density  solid  propellant,  an 
experimental  program  was  initiated  to  test  these  concepts. 

To  properly  ignite  the  propelling  charge  in  a  gun  chamber,  electrical  energy,  in  the  form  of  a  plasma, 
must  be  introduced  into  the  chamber  in  an  optimized  way  with  respect  to  time  and  position.  As 
preliminary  tests  to  gun  firings,  Open-air  firings  were  carried  out  on  various  designs  of  plasma  distribution 
devices  such  as  centercores.  High-speed  photography  and  light-detecting  diodes  were  used  to  determine 
flow  and  radiative  characteristics  of  the  plasma  output.  Based  on  these  results,  tests  were  then  performed 
in  a  30-mm  diagnostic  simulator.  This  simulator  allowed  for  high-speed  photographic  studies  of  the 
interaction  of  the  plasma  output  with  a  high-loading  density  propelling  charge.  Finally,  instrumented  gun 
firings  were  performed  based  on  the  simulator  results.  The  results  from  these  gun  tests  are  discussed  in 
greater  detail  in  a  separate  report  (Stobie  et  al.  1993). 
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A  schematic  of  a  rear- injected  ETC  gun  system  is  shown  in  Figure  1.  It  has  been  found  over  years 
of  ballistic  research,  that  for  high-loading  density  charges,  this  configuration  will  lead  to  localized  ignition 
of  the  charge  with  subsequent  chamber  pressure  waves.  To  avoid  this  in  conventional  chemical  igniter 
systems,  centercore  tubes  have  been  used  to  distribute  the  ignition  energy  throughout  the  propellant  bed. 
The  centercore  runs  coaxial  with  the  chamber  and  distributes  the  energy  radially  throughout  the  bed.  This 
general  energy  distribution  concept  will  he  used  to  introduce  the  plasma  energy  into  the  propellant  bed. 


Energetic 
Working  Fluid 

Plasma  (Propei|ant)  Combustion  Chamber 


Figure  1.  Schematic  of  rear  plasma  injected  ETC  gun. 


There  are,  however,  some  significant  differences  between  the  output  from  chemical  igniters  and  plasma 
generators.  The  products  for  the  former  have  a  temperature  on  the  order  of  3,(XX)  K,  while  the  latter  are 
approximately  10,000  K  (Beyer  and  Bunte  1992;  Mach  et  al.  1994).  If  both  are  optically  dense,  the 
radiative  component  of  the  energy  is  proportional  to  'T*  (Stobie  et  al.  1993).  Thus,  the  radiative  energy 
from  a  plasma  may  be  up  to  100  times  greater  than  for  a  chemical  igniter.  This  radiative  component  may 
be  important  in  ignition  and  should  be  considered  when  designing  a  centercore  or  any  other  energy 
distribution  system. 


Most  centercore  tubes  used  in  conventional  large-caliber  cannons  are  made  of  metallic  components. 
However,  plastic  was  chosen  as  the  material  for  the  centercore  tube  in  ETC  firings  for  a  number  of 
reasons.  First,  plastic  has  a  lower  thermal  conductivity  than  metal  and  thus  a  lower  heat  loss.  Hence,  less 
energy  from  the  plasma  would  be  lost  in  heating  plastic  components.  Second,  if  the  hot  plasma  gases 
cause  erosion,  it  would  be  better  to  have  hydrocarbon  rather  than  metal  products  from  the  centercore  tube 
entering  the  gun  combustion  chamber  to  avoid  fouling.  Third,  the  plasma  has  a  large  component  of 
radiation  energy.  If  this  radiation  is  important  in  the  subsequent  ignition  of  the  propiellant,  then  the  plastic 
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would  allow  transmission  of  radiation  into  the  propellant  bed.  Measurements  were  made  on  radiation 
transmission  characteristics  of  plexiglass,  acetate  and  mylar  materials  (McNesby  1993). 

AH  of  these  materials  have  similar  spectral  characteristics  and  the  transmission  property  differences 
depend  principally  on  material  thickness.  At  thicknesses  up  to  3.2  mm  (1/8  in),  over  80%  radiation  is 
transmitted  at  wavelengths  from  400  nm  up  to  1,600  nm.  There  is  a  strong  absorption  fiom  1,600  nm  out 
to  1,700  nm.  Beyond  that,  the  3.2-mm  (1/8-in)  material  has  approximately  40%  transmission  from  1,700 
to  2,100  nm.  From  2,100  to  20,000  nm  (2.1  to  20  pm),  there  is  very  little  transmission,  except  for  a  small 
band  at  2.7  pm.  However,  with  ttie  acetateAnylar  materials  (thickness,  76  pm  [0.003  in])  there  was 
considerable  transmission  from  the  visible  out  to  7  pm,  followed  by  absorption  fiom  7  to  10  pm  and  some 
transmission  fiom  10  to  20  pm.  Thus,  the  transmission  characteristics  of  the  longer  wave  radiation  are 
strongly  dependent  on  the  thickness  of  the  plastic  material.  If  radiation  is  an  important  mechanism  in  the 
propellant  ignition  process,  then  the  centercore  material  thickness  may  have  an  effect  on  the  ballistic 
process. 

The  ultraviolet  (uv)  transmission  characteristics  of  the  materials  were  not  measured.  There  is, 
however,  a  significant  amount  of  uv  radiation  at  10,000  K  fiom  a  black  body  radiator.  This  could  produce 
photochemical  effects  in  the  propellant  combustion  process.  Furthermore,  the  transmission  characteristics 
of  the  material  at  these  plasma  high-energy  densities  may  also  change  due  to  either  bleaching  effects  or 
chemical  changes  induced  in  the  plastic  by  the  uv. 

The  experimental  program  described  in  the  following  sections  is  directed  at  understanding  and 
measuring  the  sequence  of  events  associated  with  the  functioning  of  the  plasma  generator  by  itself,  and, 
additionally,  the  interaction  of  the  plasma  output  with  a  propellant  bed  using  radiation  detectors  and  high¬ 
speed  photographic  techniques.  The  following  sections  will  include  a  description  of  the  experimental 
setup,  open-air  firings  of  the  plasma  generator,  firings  of  the  plasma  generator  with  a  variety  of  centercore 
tubes  and  finally,  firings  of  the  plasma/centercore  in  a  30-mm  gun  simulator. 

2.  EXPERIMENTAL  SETUP 

The  general  view  of  the  plasma  generator  with  and  without  centercore  is  shown  in  Figure  2.  Because 
of  the  large  dynamic  range  of  the  plasma  luminosity,  up  to  four  high-speed  cameras  were  used.  Two 
mechanical  cameras  with  color  film  and  one  or  two  electronic  cameras  were  operated  at  different  firaming 
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CAPILLARY  LINER 


Figure  2.  (a)  Schematic  of  plasma  generator,  (b)  open-air  firing,  (c)  with  centercore. 

rate  speeds,  viewing  areas,  and  apertures.  To  orient  the  reader.  Figure  2  is  the  general  view  angle  of  all 
photographs  that  will  be  shown  in  this  report  Tlie  photographic  results  complemented  each  other  as  they 
recorded  different  aspects  of  the  plasma  output 

A  wimess  plate  was  placed  beyond  the  end  of  the  centercore  tube,  perpendicular  to  the  axis  of  the 
centercore.  Combustible  material  could  be  mounted  on  this  plate  to  see  the  effects  of  radiation  and 
convective  flow  ouqjut  from  the  centercore  tube.  In  some  instances,  combustible  material  was  mounted 
axiaUy  on  the  centercore  tube  itself  to  monitor  combustion  events. 

Camera  No.  1  was  a  general  purpose,  high-speed  framing  camera.  Its  field  of  view  included  the 
centercore  tube  and  some  distance  down  from  the  tube,  including  the  witness  plate.  This  camera  was  run 
at  a  nominal  speed  of  5,000  pictures/s  (interframe  time,  200  ps;  shutter  speed,  80  ps). 

Camera  No.  2  (for  most  tests,  a  one-half  frame  camera)  was  run  at  a  nominal  speed  of 
14,0CX)  picmres/s  (inteiframe  time,  70  ps;  shutter  speed,  28  ps).  A  lens  was  chosen  to  include  only  the 
first  15-20  cm  beyond  the  output  of  the  plasma,  which  was  mainly  the  centercore  tube  (see  dotted  outline 
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in  Figure  2c).  The  plasma  luminosity  was  extremely  bright,  and  an  optical  density  filter  of  2  (providing 
an  attenuation  of  100)  with  a  lens  aperture  of  f/22  was  required  to  keep  from  overexposing  the  pictures, 
even  at  14,000  pictures/s. 

Camera  No.  3,  a  Cordin  electronic  camera  that  records  three  pictures  at  any  predetermined  time 
interval,  was  setup  with  a  shutter  speed  of  500  ns  (OD  =  3,  ^16)  in  an  effort  to  freeze  the  plasma  motion. 
The  interframe  time  of  the  three  pictures  was  adjusted  to  record  data  that  could  be  used  to  measure 
propagation  velocity. 

Camera  No.  4,  an  EEV  electronic  camera,  was  setup  in  a  manner  similar  to  the  Cordin  camera. 
However,  due  to  equipment  malfunction,  only  one  picture  was  taken  for  each  test  This  camera  was  not 
used  for  some  of  the  later  tests. 

Silicon  photodiodes  were  used  to  record  the  total  radiation  output  from  the  test.  A  model  S1336BQ 
was  used  that  has  a  sensitivity  range  from  190  to  1,100  nm.  Thus,  uv,  visible,  and  ir  radiation  were 
recorded.  For  later  tests,  a  GaAsP  photodiode  (G1 1 16)  was  also  used.  It  has  a  sensitivity  range  from  300 
to  680  nm,  allowing  the  differentiation  of  the  uv,  visible,  and  ir  radiative  components  of  the  plasma  tube. 

The  electrical  power  supplied  to  the  plasma  generator  was  supplied  by  a  five-stage,  pulse-forming 
network  (PFN)  that  could  store  up  to  130  kJ  (Figure  3).  The  five  stages  could  be  charged  to  different 
voltages  and  fired  at  different  times  to  obtain  the  desired  power  pulse  shape.  The  electrical  data  were 
recorded  using  a  Rogowski  coil  for  load  current  and  a  voltage  divider  and  current  transformer  for  load 
voltage.  These  data  were  used  to  generate  load  current,  voltage,  power,  energy,  and  impedance  as  a 
function  of  time.  The  power  input  to  the  load  will  be  presented  for  some  tests  in  this  report. 

In  general,  three  types  of  pulses  were  used:  a  low-energy  short  pulse  (6  kJ,  20  MW),  a  high-energy 
short  pulse  (50  kJ,  200  MW),  and  a  high-energy  long  pulse  (40  kJ,  90  MW).  Examples  of  these  will  be 
given  in  succeeding  sections.  The  first  discussion  will  be  on  open-air  firings  (i.e.,  firings  of  the  plasma 
without  any  centercore  tubes  [Figure  2b]).  This  will  be  followed  by  a  discussion  of  firings  using  a  large 
acrylic  centercore  tube  (Figure  2c).  Next  will  be  a  discussion  using  12.5-mm  centercore  tubes  consisting 
of  acetate  material  and  also  of  polyethylene  material.  Finally,  a  description  will  be  given  of  firings  carried 
out  in  a  30-mm  simulator  using  a  mixture  of  live  and  inert  propellant. 
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Figure  3.  Five-stage  pulse-forming  networic  and  sample  electrical  pulse. 

3.  OPEN-AIR  FIRINGS 

The  purpose  of  these  tests  was  to  characterize  the  output  of  the  plasma  generator  without  any 
centercore  or  propellant  chamber.  The  view  of  the  plasma  tube  as  seen  by  the  cameras  is  shown  in 
Figure  2b.  As  was  mentioned,  each  camera  had  a  different  field  of  view  of  the  plasma  output.  The 
sequence  of  pictures  (70  ps  between  pictures)  for  the  output  is  shown  in  figures  4a  and  4b.  Figure  4c 
shows  the  corresponding  plasma  power  curve  and  diode  response.  The  flow  pattern  is  typical  of  an 
undercxpanded  free  jet  There  is  a  sudden  cooling  of  the  jet  as  it  emerges  from  the  nozzle  just  beyond 
the  conical  region.  As  the  gases  pass  through  the  compression  waves,  they  are  reheated.  This  is  seen  in 
the  bright  illumination  down  stream  in  pictures  at  140,  210,  and  280  ps  (time  between  pictures  70  ps). 
The  shock  wave  continues  to  expand  and  weaken  as  time  goes  on  and  as  the  electrical  power  drops  off, 
as  seen  in  figure  4c.  As  the  last  stage  fires  at  approximately  700  ps,  an  increase  is  observed  in  the  plasma 
brighmess  (10th  frame)  and  the  shock  wave  moves  further  down  stream. 

Looking  at  the  power  curve  and  the  diode  response,  it  is  seen  that  there  is  approximately  a  70-80  ps 
delay  in  the  response  of  the  diode.  It  should  be  remembered  that  the  power  is  measured  at  the  input  to 
the  plasma  generator,  but  the  diode  and  cameras  are  observing  the  output  of  the  plasma  generator.  This 
70-80  ps  is  believed  to  be  the  conversion  time  from  electrical  energy  to  plasma  radiative  output.  Note 
also  that  the  diode  has  the  same  general  shape  as  the  power  curve,  including  the  increase  at  700  ps  when 
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the  last  stage  of  the  PFN  was  turned  on.  This  delay  was  observed  for  all  four  open-air  tests  shown  in 
Table  1. 


Table  1.  Open-Air  Tests 


ID 

Centercore 

Energy 

Power 

Comment 

OD 

(mm) 

thickness 

(mm) 

length 

(mm) 

load 

(kJ) 

peak 

(MW) 

012793,2 

open  air 

n/a 

n/a 

— 

— 

no  control  tube,  low  E 

042093,1 

open  air 

n/a 

n/a 

~7 

~24 

open  air  for  efficiency  base  line 

042093,2 

open  air 

n/a 

n/a 

38 

147 

open  air  for  eff.  base  line,  high  E 

091793,1 

open  air 

n/a 

n/a 

42 

87 

long,  hi  E  pulse 

4.  LARGE  ACRYLIC  CENTERCORE  TUBES 

Early  in  the  program  it  was  not  evident  as  to  what  type  of  centercore  tube  (Figure  2c)  would  be 
adequate  for  use  in  a  gun  system.  Consequently,  relatively  large,  clear  acrylic  tubes  (OD  =  32  mm 
[1.5  in],  wall  =  3  mm  [1/8  in])  were  used  (described  in  Table  2).  This  was  a  compromise  between 
strength  and  radiation  transmission  characteristics.  These  tubes  remained  intact  out  to  1-2  ms,  long  after 
the  plasma  energy  front  had  propagated  through  the  tube.  However,  the  tube  failed  later  in  time  and  the 
rupture  of  the  tube  always  took  place  at  the  rear  most  section,  indicating  an  axial  pressure  gradient  within 
the  tube. 


Table  2.  Large  Acrylic  Centercore  Tubes 


Centercore 

Energy 

Power 

ID 

OD 

(mm) 

thickness 

(mm) 

length 

(mm) 

load 

(kJ) 

peak 

(MW) 

Comment 

122192,1 

32 

3.2 

150 

— 

— 

1  l/4-in  acrylic  tube,  low  E 

122492,1 

32 

3.2 

150 

6.5 

20.0 

1  1/4-in  acrylic  tube,  low  E 

011193,1 

32 

3.2 

150 

5.8 

20.1 

1  1/4-in  acrylic  tube,  low  E 

012093,1 

12.5 

3.2 

140 

5.4 

20.5 

1/2-in  acrylic  tube,  low  E 

012893,1 

19 

1.6 

146 

6.2 

21.2 

3/4-in  acrylic  tube,  low  E 

012993,1 

19 

1.6 

711 

6.5 

21.7 

3/4x28-in  acrylic  tube,  low  E 
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Propagation  velocity  measurements  were  made  for  a  number  of  different  powers  for  the  leading  edge 
of  the  plasma  as  it  moved  down  the  centercore.  Measured  from  the  film  records,  this  velocity  appeared 
to  be  approximately  1,800  m/s. 

To  test  the  effect  of  the  convective  and  radiative  component  of  the  plasma  as  an  ignition  device, 
combustible  materials  such  as  tissue  paper  and  JA2  propellant  sheets  were  placed  both  on  the  surface  of 
the  acrylic  tube  and  on  the  witness  plate  located  perpendicular  to  the  axis  of  the  tube  (see  Figure  5a, 
frames  2  and  3).  The  material  on  the  tube  surface  would  be  subject  to  radiative  energy  only.  Those 
located  on-axis,  approximately  10  cm  from  the  end  of  the  acrylic  tube,  would  be  subjected  to  both  the 
radiative  output  and  convective  flow  from  the  plasma  generator.  To  separate  the  two  effects,  one  of  the 
two  adjacent  pieces  of  the  combustible  material  was  covered  with  a  thin  (0.1  mm,  0.004  in)  mylar  layer 
protecting  it  from  the  (axial)  convective  flow,  but  allowing  the  radiation  to  reach  the  sample.  The  other 
piece  was  left  uncovered,  subjecting  it  to  both  the  radiative  and  convective  flow.  These  samples  were 
unconfined.  In  no  case,  listed  in  Table  2,  was  there  any  evidence  of  reaction  taking  place  with  any  of  the 
samples,  be  they  tissue  paper  or  propellant.  As  is  seen  in  Table  2,  the  energy  and  power  used  in  these 
experiments  was  relatively  low  compared  with  that  used  in  most  gun  experiments  that  usually  employ 
anywhere  from  hundreds  of  kilojoules  to  megajoules. 

Although  these  acrylic  tubes  seemed  to  be  relatively  durable  and  allowed  for  a  measurement  of 
propagation  velocity,  they  were  too  large  to  be  considered  for  application  in  a  30-mm  system.  They 
would  consume  too  much  volume  in  the  gun  chamber,  limiting  the  ability  to  reach  high-loading  densities. 

5.  CENTERCORE  TUBES,  12.5-mm  (1/2  in)  OUTSIDE  DIAMETER 

5.1  Acetate  Centercore.  0.1-mm  (0.004  ini  Wall  Thickness.  As  was  discussed  in  an  earlier  section, 
the  radiation  transmission  characteristics  of  the  plastic  centercore  material  depends  on  the  thickness, 
especially  in  the  infrared  spectral  region.  A  thin  acetate  film  (0.1  mm  [0.004  in])  was  chosen  for  its  high 
radiation  transmission  properties  and  its  low  mass.  Such  a  centercore  material  would  minimize  heat  loss 
and  residue  left  behind  in  the  chamber  after  a  gun  firing. 

Thus,  a  12.5-mm  (1/2  in)  diameter  cylinder  was  made  from  the  thin  acetate  film.  The  seam  was 
closed  by  heat-sealing  with  a  soldering  iron  and  then  reinforced  with  epoxy.  In  some  cases,  the  cylinder 
was  reinforced  with  a  helix  of  134  N  (30-lb)  test  nylon  single  strand  cable. 
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Table  3  gives  a  summary  of  conditions  for  firing  with  this  configuration.  An  example  of  the 
photographic  results  from  a  test  firing  is  seen  in  Figure  5,  along  with  power  and  diode  response  data. 
Examination  of  the  high-speed  film  records  indicated  that  none  of  the  tubes  remained  intact  for  more  than 
170  ps  (Figure  5b).  Rupturing  took  place  at  the  base  where  the  centercore  joins  up  with  the  plasma 
generator  (Figure  2c).  Additionally,  post-firing  examination  of  the  centercore  also  revealed  that  rupturing 
took  place  at  the  rear.  The  remainder  of  the  cylinder  was  largely  intact. 


Table  3.  Acetate  Centercore 


Centercore 

Energy 

Power 

ID 

OD 

(mm) 

thickness 

(mm) 

length 

(mm) 

load 

(kJ) 

peak 

(MW) 

Comment 

012793,1 

12.5 

0.1 

150 

7.4 

24.3 

acetate,  1/2-in  unreinforced,  low  E 

012893,2 

12.5 

0.1 

152 

6.5 

20.9 

acetate,  1/2-in  unreinforced,  low  E 

050393,2 

12.5 

0.1 

203 

51.3 

214 

acetate  reinforced,  high  E,  <70  ps 

051193,1 

12.5 

0.1 

203 

52 

217 

acetate  reinforced,  high  E,  epoxy  to 
anode 

Later  tests  with  reinforcing  materials  did  not  improve  performance.  An  attempt  was  made  to  use  this 
configuration  in  a  30-mm  test  fixture  (White  et  al.  1994)  using  a  granular  propellant,  M5.  If  the  ignition 
delay  was  shorter  than  170  ps,  it  was  hoped  that  uniform  ignition  might  be  achieved  prior  to  the  rupturing 
of  the  acetate  centercore.  The  pressure  time  curves  are  given  in  Figure  6.  Strong  pressure  waves  were 
observed  and  are  discussed  in  White  et  al.  (1994).  It  can  be  seen  that  ignition  delays  are  250  ps  or 
greater,  long  after  the  centercore  has  ruptured.  Consequently,  this  design  would  lead  to  localized  rear 
ignition  and  not  give  satisfactory  ballistic  performance,  at  least  in  this  30-mm  test  fixture. 

5.2  Polyethylene.  1.6-mm  (1/16  in)  WaU  Thickness.  It  became  obvious  that  the  0.1 -mm  waU 
thickness  acetate  film  would  not  be  strong  enough  to  prevent  plasma  energy  from  entering  the  rear  of  the 
charge  at  an  early  time.  Using  this  in  a  high-loading  density  charge  would  probably  result  in  localized 
(rear)  ignition  with  subsequent  pressure  waves.  As  with  the  acrylic  tube  tests,  it  is  clear  that  there  is  a 
strong  axial  pressure  gradient  in  the  flow  that  must  be  contained.  A  tubular  polyethylene  material  was 
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450 


Figure  6.  Pressure-time  histories  (P^  dark,  and  light)  for  30-mm  firing  (M5  granular  propellant)  using 
acetate  centercore,  ID  022693. 

chosen  as  a  compromise  material.  It  has  good  toughness  (wall  thickness,  1.6  mm,  1/16  in)  although  the 
"milky"  coloring  causes  radiation  scattering,  reducing  the  optical  transparency  of  the  material.  To  increase 
this  transparency,  four  axial  slits  (at  0°,  90°,  180°,  270°)  were  cut  along  the  length  of  the  centercore  at 
specific  axial  locations  to  enhance  energy  transmission  at  the  most  desirable  areas  when  the  centercore 
would  be  used  in  a  propellant  bed.  The  test  conditions  are  listed  in  Table  4. 

A  number  of  configurations  were  used  in  an  effort  to  eliminate  the  rupturing  of  the  tube  at  the  rear. 
The  design  evolved  into  the  configuration  shown  in  Figure  7.  The  rear  section  of  the  polyethylene  tube 
is  encased  in  a  steel  sleeve  that  affords  added  strength  to  that  section  of  the  tube.  The  four  axial  slits  are 
placed  forward  of  the  steel  sleeve  and  are  located  in  approximately  the  center  of  the  gun  chamber. 
Photographic  test  results,  along  with  power  input  and  diode  response,  are  shown  in  Figure  8  (the  time 
between  pictures  is  70  ps).  The  steel  sleeve  at  the  left  remains  intact.  The  plasma  output  is  clearly 
observed  coming  from  the  slits.  As  the  power  diminishes,  so  too  docs  the  radiation  output,  followed  by 
an  increase  of  both  power  and  radiation  at  the  10th  frame,  700  ps.  As  is  seen  from  the  power  curve,  at 
this  time,  the  last  stage  of  the  PFN  (Figure  3)  is  fired,  accompanied  by  a  large  increase  in  light  output. 
In  a  gun  environment,  the  initial  pulse  is  used  to  ignite  the  propelling  charge  and  the  last  stage  at  700  ps 
would  occur  later  in  the  ballistic  cycle  and  would  be  used  to  boost  the  chamber  pressure  and  mass 
generation  rate  of  the  high-loading  density  charge. 
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Table  4.  Polyethylene  Centercore 


Centercore 

Energy 

Power 

ID 

OD 

(mm) 

thickness 

(mm) 

length 

(mm) 

load 

(kJ) 

peak 

(MW) 

Comment,  1 

050393,1 

32 

3.1 

229 

52 

220 

large  pe  tube  uniform 
rupture 

051193,2 

12.5 

1.6 

178 

49.6 

186 

1/2  pe,  high  E,  180  ps,  end 
held 

051293,1 

12.5 

1.6 

178 

48.7 

211 

repeat  of  above 

051293,2 

12.5 

1.6 

178 

47.9 

180 

repeat  but  rear  rupture 

051393,1 

12.5,A1 

1.6 

178 

50.8 

224 

reduce  radiation  with 

Al/mylar 

072093,1 

12.5  re  pe 

1.6+1.6 

178 

51.7 

279 

microswitch;  tube  moved  @ 

2  ms;  reinforce 

no  help;  diodes  deviate  @ 

435  ps 

082393,1 

12.5  re  pe 

1.6+1.6 

215+pe89 

40.5 

91 

pe  w  3.5  in  pe  reinforce; 
stiU  ruptured 

082493,1 

12.5  re  gl 

1.6+3. 1 

215+gl89 

41 

75 

pe  w  3.5  in  f-glass  rein; 
held  ok 

082693,1 

12.5  re  pe 

1.6+1.6 

241+pe89 

41.7 

95 

pe  w  3.5  in  pe  rein;  1/4-in 
plasma;  better 
lasted  70  ps  longer 

090293,1 

12.5  re  Fe 

1.6+0.8 

203+Fe89 

43 

97 

pe  w  slits  &  3.5  in  steel 
reinf 

tube  held,  pe  slits  ok 

091693,1 

12.5  re  Fe 

1.6+0.8 

206+Fe89 

40.7 

91 

pe/Fe  cc  with  3/8  plasma; 
FMC  ok 

This  centercore  was  used  in  the  30-mm  gun  and  the  pressure  time  curve  is  shown  in  Figure  9.  It  is 
seen  that  the  forward  pressure  gage,  P2,  increases  prior  to  the  rear  gage,  P^  The  reverse  was  true  when 
the  acetate  centercore  was  used  (see  Figure  6).  This  dissimilarity  indicates  that  the  new  configuration  has 
moved  the  ignition  further  forward  in  the  bed,  even  possibly  causing  ignition  towards  the  base  of  the 
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Figure  7.  Slotted  polyethylene  centercore  with  steel  reinforcement. 


projectile.  Pressure  waves  are  still  observed  and  arc  likely  due  to  the  sensitivity  of  the  charge 
configuration.  In  particular,  the  very  large  length-to-diameter  ratio  of  the  chamber  (7/1)  and  the  high  mass 
generation  rate  of  the  specific  propellant  used  in  this  test  can  lead  to  such  sensitivity.  (This  issue  is 
discussed  in  Stobie  et  al.  [1993]).  The  pressure  is  seen  to  rise  at  approximately  270  ps,  which  would  be 
at  the  fourth  frame  in  Figure  8. 

6.  30-mm  SIMULATOR 

The  open-air  testing  of  the  various  centercore  configurations  established  the  general  time  sequence  ot 
events  for  the  plasma  injection  process.  The  next  step  in  understanding  the  ETC  process  was  to  examine 
the  interaction  of  the  plasma  output  with  the  propelling  charge  under  conditions  that  more  closely  simulate 
the  gun  environment.  As  a  consequence,  a  30-mm  gun  simulator  with  an  optical  access  port  was  used  to 
examine  the  interaction  of  the  plasma  output  with  the  propellant  configuration.  A  photo  of  the  setup  using 
an  acrylic  chamber  (length,  152  mm,  ID,  38  mm)  is  given  in  Figure  10a.  The  plasma  generator  is  on  the 
left.  The  forward  retaining  plate  on  the  right  also  acts  as  a  short  gun  tube  for  the  projectile  that  is  inserted 
into  a  30-mm  hole  in  the  plate  (thickness,  12  mm).  A  later  design  used  a  steel  chamber  with  a 
25-mm-wide  optically  clear  epoxy  window  (Figure  10b).  The  interior  dimensions  of  the  chamber  are 
identical  to  those  of  the  30-mm  gun  fixture  (ID  =  32  mm,  length  =  216  mm).  Two  pressure  gage  ports 
are  located  at  38  mm  from  the  rear  and  forward  ends  of  the  chamber,  as  in  the  30-mm  gun  fixture  (Stobie 


Figure  8.  Polyethylene/steel  centercore.  ID  091693,  (a)  14.000  pps,  frames  1-5,  (b)  frames  6-10,  (c) 
plasma  power  and  diode  response  vs.  time. 
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TIME  (ms) 


Figure  9. 


Pressure-time  histories  (Pi  dark,  and  light)  for  30-mm 
polyethylene/steel  centercore,  ID  092292-1. 


Some  tests  were  carried  out  with  a  mix  of  granular  inert  and  M5  propellant.  Other  tests  were 
performed  using  the  inert  and  live  (JA2)  disc  propellant  (Robbins  et  al.  1993).  This  configuration  of 
propellant  (OD  =  30  mm,  ID  =  12.5  mm,  web  =  1.4  mm)  was  chosen  since  it  can  be  "stacked"  together 
to  reach  very  high  loading  densities.  For  conventional  chemical  ignition  charges,  it  may  be  difficult  to 
achieve  the  potential  performance  of  this  charge  design  since  the  propellant  may  not  be  completely 
consumed  prior  to  muzzle  exit.  However,  with  the  introduction  of  electrical  energy  near  or  beyond  peak 
pressure,  it  may  be  possible  to  maintain  a  constant  pressure  and  increase  the  bum  rate  to  extract  more  of 
the  propellant  energy  than  is  possible  with  conventional  ignition.  Thus,  investigation  of  the  interaction 
of  the  plasma  with  this  propellant  geometry  becomes  very  important. 


Charges  were  constructed  with  several  centercore  designs  with  a  mixture  of  the  JA2  discs  and  inert 
(cardboard)  discs  (Figure  11).  In  Figure  11,  a  steel-sleeved  polyethylene  centercore  was  used.  The  dark 
rings  indicate  location  of  the  live  JA2  propeUant  discs.  A  slot  was  cut  radially  into  the  charge  and  an 
acrylic  window  was  inserted  so  that  the  functioning  of  the  centercore  and  interaction  with  the  propellant 
could  be  observed.  The  charge  assembled  in  the  chamber  is  shown  in  Figure  10b.  A  summary  of  the  data 
is  shown  in  Table  5. 

Two  test  results  wiU  be  discussed.  For  test  081193,  a  slotted  (nonreinforced)  polyethylene  centercore 
was  used.  The  results  are  shown  in  Figure  12.  As  was  seen  in  the  open-air  tests,  the  tube  ruptures  at  the 
rear  (800  ps),  causing  ignition  of  the  propellant  at  the  rear  of  the  chamber.  This  coincides  with  the 
increase  in  power  when  the  last  stage  on  the  PFN  is  fired.  Only  the  rear  propeUant  discs  ignited.  The 
discs  in  the  middle  and  at  the  front  were  recovered,  unbumed.  Post-firing  examination  of  the  polyethylene 
centercore  also  showed  that  the  tube  ruptured  at  the  rear. 

For  test  091493,  the  steel-sleeved  polyethylene  centercore  was  used  (Figures  7  and  11).  The  results 
of  the  simulator  test  are  shown  in  Figure  13.  Ignition  of  the  central  grains  took  place  at  approximately 
600  ps.  The  power  curve  is  similar  to  that  in  Figure  12.  It  appears  then  that  the  steel-reinforced 
polyethylene  centercore  reduces  the  likelihood  of  rear  ignition  of  the  charge  and  is  a  good  candidate  as 
an  igniter  tube  for  the  30-mm  fixture. 
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Table  5.  30-mm  Simulator  Tests 


Centercore 

Energy 

Power 

ID 

OD 

(mm) 

Thickness 

(mm) 

Length 

(mm) 

Load 

(kJ) 

Peak 

(MW) 

Comments 

052193,1 

12.5  pe 

1.6 

140 

47 

222 

simulator  6x6x1  1/2,  empty 

052693,1 

12.5  ace 

0.1 

140 

11.3 

36 

simulator  6x6x1  1/2,  mostly 
cardboard,  proj 

052793,1 

12.5  pe 

1.6 

25 

51 

207 

simulator  6x6x1  1/2,  most  card, 

4  JA2,  proj 

081193,1 

12.5  pe 
with  1  in  pe 

1.6+1.6 

216+25  pe 

42.4 

86 

30-mm  sim,  disc  inerAive,  back 
burned 

p  strange,  long  pulse 

081793,1 

12.5  pe 
with  1  in  pe 

1.6+1.6 

216+25  pe 

42.7 

95 

30-mm  sim,  gran  inerAive,  rear 
ig 

p  strange,  long  pulse,  small  proj 
move 

090793,1 

12.5  pe 

3.5  Fe,  1/32 

1.6+0. 8  Fe 

209+89  Fe 

39 

74 

30-mm  sim,  gran/ineil/liv  center 
ig 

pe  cc  w  steel  reinf,  no  p. 

091493,1 

12.5  pe 

3.5  Fe,  1/32 

1.6+0. 8  Fe 

206+89  Fe 

39 

70 

30-mm  sim,  disc  inertAive, 
center  ig 

slits  at  center  prop  only 

/  I 


i 

I' 


Figure  11.  lnert/JA2  disc  charge  with  stecl/polvethylene  centercore  and  viewing  window. 
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7.  CONCLUSIONS 


The  following  general  conclusions  can  be  drawn  from  the  tests  described  in  this  report  that  were 
conducted  on  different  centercore  configurations: 

•  Open-air  free  plasma  firings  exhibit  the  typical  underexpanded  jet  formation  patterns. 

•  The  radiation  component  of  the  plasma  is  much  greater  than  for  a  chemical  igniter.  Its  role  in 
ignition  has  not  been  clarified. 

•  Propagation  velocity  down  the  centercore  is  on  the  order  of  1,800  m/s. 

•  Large  axial  pressure  and  energy  gradients  exist  in  the  centercores.  This  must  be  considered  when 
designing  practical  systems. 

Future  plans  involve  scaling  up  the  centercore  and  simulator  tests  for  larger  caliber  application. 
Ultimately,  the  ETC  concept  wiU  be  applied  to  tank  or  artillery-type  guns  for  performance  improvement. 
The  methodology  and  techniques  described  here  will  be  used  to  evaluate  large-scale  centercore  concepts. 


21 


Intentionally  left  blank. 


22 


8.  REFERENCES 


Beyer,  R.  A.,  and  S.  W.  Bunte.  "Spatial  and  Temporal  Temperature  Studies  of  Electrothemial  Chemical 
(ETQ  Plasmas."  BRL-TR-3324,  U.S.  Army  Ballistic  Research  Laboratory,  Aberdeen  Proving  Ground, 
MD,  March  1992. 

Mach,  H.,  U.  Werner,  H.  Masur,  and  C.  Steinbach.  "Spectroskopische  Untersuchungen  in  der 
Expansionskammer  eines  electrothermischen  Beschleunigers."  R  103/94,  Deutsch-Franzoesisches 
Forschimgsinstitut  Saint-Louis,  Weil-am-Rhein,  Germany,  November  1994. 

McNesby,  K.  Private  communication.  U.S.  Army  Research  Laboratory,  Aberdeen  Proving  Ground,  MD, 
1993. 

Robbins,  F.  Private  communication.  U.S.  Anny  Research  Laboratory,  Aberdeen  Proving  Ground,  MD, 
1993. 

Robbins,  F.  W.,  B.  F,  Raley,  A.  A.  Koszora,  and  J.  R.  Hewitt.  "High  Loading  Density  Gun  Charge 
Configurations  of  Slab  Propellant  -  Loading  and  Gun  Firing  Experiments."  30th  JANNAF 
Combustion  Subcommittee  Meeting.  CPIA  Publication  606,  vol.  4,  pp.  109-120,  November  1993. 

Stobie,  1.  C.,  K.  J.  White,  G.  Katulka,  T.  Khong,  K.  Nekula,  and  W.  F.  Oberle.  "Solid  Propellant 
Electrothermal  Chemical  Ballistic  Studies  in  a  30-MM  Fixture."  30th  JANNAF  Combustion 
Subcommittee  Meeting.  CPIA  Publication  606,  vol.  4,  pp.  109-120,  November  1993. 

White,  K.  L,  W.  F.  Oberle,  and  A.  A.  Juhasz.  "Performance  Potential  and  Limits  of  Existing  Large 
Caliber  Systems  When  Applying  the  Electrothermal  Chemical  Propulsion  Concept."  29th  JANNAF 
Combustion  Subcommittee  Meeting.  CPIA  Publication  593,  vol.  3,  pp.  339-351,  October  1992. 

White,  K.  J.,  W.  F.  Oberle,  A.  A.  Juhasz,  I.  C.  Stobie,  K.  Nekula,  and  S.  Driesen.  "Combustion  Control 
Requirements  in  High  Loading  Density  Solid  Propellant  ETC  Gun  Firings."  31st  JANNAF 
Combustion  Subcommittee  Meeting.  CPIA  Publication  620,  vol.  3,  pp.  87-100,  October  1994. 


23 


Intentionally  left  blank. 


24 


NO.  OF 

COPIES  ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


2  DEFENSE  TECHNICAL 
INFORMATION  CENTER 
DTIC  DDA 

8725  JOHN  J  KINGMAN  RD 
STE0944 

FT  BELVOIR  VA  22060-6218 

1  HQDA 

DAMOFDQ 
DENNIS  SCHMIDT 
400  ARMY  PENTAGON 
WASHINGTON  DC  20310-0460 

1  CECOM 

SP  &  TRRSTRL  COMMCTN  DIV 

AMSELRDSTMCM 

HSOICHER 

FT  MONMOUTH  NJ  07703-5203 

1  PRIN  DPTY  FOR  TCHNLGY  HQ 

USARMYMATCOM 
AMCDCGT 
MFISETTE 

5001  EISENHOWER  AVE 
ALEXANDRIA  VA  22333-0001 

1  PRIN  DPTY  FOR  ACQUSTN  HQS 

USARMYMATCOM 
AMCDCGA 
D  ADAMS 

5001  EISENHOWER  AVE 
ALEXANDRIA  VA  22333-0001 

1  DPTY  CG  FOR  RDE  HQS 
USARMYMATCOM 
AMCRD 

BG  BEAUCHAMP 

5001  EISENHOWER  AVE 

ALEXANDRIA  VA  22333-0001 

1  DPTY  ASSIST  SCY  FOR  R&T 
SARDTT  TRILLION 
THE  PENTAGON 
WASHINGTON  DC  20310-0103 

1  OSD 

OUSD(A&T)/ODDDR&E(R) 

JLUPO 

THE  PENTAGON 
WASHINGTON  DC  20301-7100 


1  INST  FOR  ADVNCD  TCHNLGY 

THE  UNIV  OF  TEXAS  AT  AUSTIN 
PO  BOX  202797 
AUSTIN  TX  78720-2797 

1  DUSD  SPACE 

1E765  JGMCNEFF 

3900  DEFENSE  PENTAGON 

WASHINGTON  DC  20301-3900 

1  USAASA 

MOASAI  WPARRON 
9325  GUNSTON  RD  STE  N319 
FT  BELVOIR  VA  22060-5582 

1  CECOM 

PM  GPS  COLS  YOUNG 
FT  MONMOUTH  NJ  07703 

1  GPS  JOINT  PROG  OFC  DIR 
COL J CLAY 

2435  VELA  WAY  STE  1613 
LOS  ANGELES  AFB  CA  90245-5500 

1  ELECTRONIC  SYS  DIV  DIR 

CECOM  RDEC 
JNIEMELA 

FT  MONMOUTH  NJ  07703 

3  DARPA 
L  STOTTS 
J  PENNELLA 
BKASPAR 
3701  N  FAIRFAX  DR 
ARLINGTON  VA  22203-1714 

1  SPCL  ASST  TO  WING  CMNDR 
50SW/CCX 

CAPT PH  BERNSTEIN 
300  O'MALLEY  AVE  STE  20 
FALCON  AFB  CO  80912-3020 

1  USAFSMC/CED 
DMA/JPO 
MISON 

2435  VELA  WAY  STE  1613 
LOS  ANGELES  AFB  CA 
90245-5500 


25 


NO.  OF 

COPIES  ORGANIZATION 

1  US  MILITARY  ACADEMY 

MATH  SCI  CTR  OF  EXCELLENCE 
DEPT  OF  MATHEMATICAL  SCI 
MDN  A  MAJ  DON  ENGEN 
THAYER  HALL 
WEST  POINT  NY  109%-1786 

1  DIRECTOR 

US  ARMY  RESEARCH  LAB 
AMSRLCS  ALTP 
2800  POWDER  MILL  RD 
ADELPHI MD  20783-1 145 

1  DIRECTOR 

US  ARMY  RESEARCH  LAB 
AMSRLCS  ALTA 
2800  POWDER  MILL  RD 
ADELPHI  MD  20783-1 145 

3  DIRECTOR 

US  ARMY  RESEARCH  LAB 
AMSRL  Cl  LL 
28(X)  POWDER  MILL  RD 
ADELPHI  MD  20783-1 145 


ABERDEEN  PROVING  GROUND 

3  DIR  USARL 

AMSRL  Cl  IP  (305) 


NO.  OF 
COPIES 

1 

10 

1 

1 


5 


1 


ORGANIZATION 

CHAIRMAN 
DOD  EXP  SAFETY  BD 
RM  856C  HOFFMAN  BLDG  1 
2461  EISENHOWER  AVE 
ALEXANDRIA  VA  2233 1-0600 

DIRECTOR 

OFC  OF  CENT  REF  DISSEM  BR 
CENTRAL  INTELLIGENCE  AGCY 
RMGE47HQS 
WASHINGTON  DC  20502 

DIRECTOR 

CENTRAL  INTELLIGENCE  AGCY 
JEBACKOFEN 
HQ  RM  5F22 
WASHINGTON  DC  20505 

HQ 

DEFENSE  SPECIAL 
WEAPONS  AGENCY 
D  LEWIS 

6801  TELEGRAPHED 
ALEXANDRIA  VA  22310-3398 

UNITED  DEFENSE  LP 

ARMAMENT  SYSTEMS  DIVISION 

R  JOHNSON 

ACHABOKI 

R CARESS 

BISLE 

MRJDYVK 

4800ERIVERRD 

MINNEAPOLIS  MN  55421-1498 

COMMANDER 

USAARDEC 

AMSTAARAEEBR 

MRKKLINGMAN 

BLDG  1501 

PICAHNNYARSNNJ 

07806-5000 

US  ARMY  RESEARCH  OFFICE 

DR  DAVID  M  MANN 

PO  BOX  12211 

4300  S  MIAMI  BOULEVARD 

RSRCH  TRIANGLE  PARK  NC 

27709-2211 


NO.  OF 

COPIES  ORGANIZATION 

1  PM-PALADIN 

SFAE  AR  mP  IP  DE  KLEENE 
PICATTNNY  ARSNL  NJ 
07806-5000 

1  ALUANTTECHSYSTEMS/ 
RADFORD 
WJ  WORRELL 
SJ  RITCHIE 
RADFORD  ARMY 
AMMUNITION  PLANT 
RADFORD  VA  24141 

1  DIRECTOR 

ADVTECHCTR 
USA  BMD 
PO  BOX  1500 
HUNTSVILLE  AL  35807 

1  COMMANDER 
USAARDEC 

AMSMC  PBM  EL  LAIBSON 
PROD  BASE  MOD  AGNCY 
PICAHNNY  ARSNL  NJ 
07806-5000 

3  PEO  ARMAMENTS  PM  TMAS 

AAMCPM  TMA  K  RUSSELL 
AMCPM  TMA  105 
AMCPM  TMA  120 
PICATINNY  ARSNL  NJ 
07805-5000 

3  COMMANDER 
USAAMCCOM 
AMSMC  me  G  COWAN 
RZASTROW 

AMSTE  ESM  R  W  FORTUNE 
ROCK  ISLAND  IL  61299-7300 

1  COMMANDANT 
USAAS 

AVIATION  AGNCY 
FT  RUCKER  AL  36360 

1  COMMANDER 
USAARDEC 
SFAE  ASM  TMA  AS 
R  BB  J.TNGTON 
PICATINNY  ARSNL  NJ 
07806-5000 


27 


NO.  OF 

COPIES  ORGANIZAnON 


NO.  OF 

COPIES  ORGANIZATTON 


1  DIRECTOR 

HQ  TRAC  RPD 

ATCD  MA  MAT  WILLIAMS 

FT  MONROE  VA  23651-5143 

1  HEADQUARTERS 
USAMC 

AMCICP  AS  M  F  nSETTE 
5001  EISENHOWER  AVE 
ALEXANDRIA  VA  22333-0001 

2  COMMANDER 
USAARDEC 
AMSTA  AR  CCS 
PICAHNNY  ARSNL  NJ 
07806-5000 

1  COMMANDER 
USAARDEC 

AMSTA  AR  CCH  V  E  FENNEL 
PICAHNNY  ARSNL  NJ 
07806-5000 

2  COMMANDER 
USAARDEC 

AMSTA  AR  AEE  B  D  DOWNS 
DCHIU 

PICATINNY  ARSNL  NJ 
07806-5000 

1  COMMANDER 
USAARDEC 

AMSTA  AR  AEE  J  LANNON 
PICATINNY  ARSNL 
NJ  07806-5000 

2  COMMANDER 
USAARDEC 

AMSTA  AR  FSA  T  M  SALSBURY 
TGORA 

PICATINNY  ARSNL  NJ  078(^5000 

1  COMMANDER 
USAARDEC 

AMSTA  AR  B  KNUTELSKY 
PICATINNY  ARSNL  NJ 
07806-5000 


2  COMMANDER 
USARO 

TECHUBDMANN 
PO  BOX  12211 
RSCH  TRIANGIE  PARK  NC 
27709-2211 

1  COMMANDER 

DEFENSE  LOGISTICS  STUDIES 
USA  TRAC  FT  LEE 
FT  LEE  VA  23801-6140 

1  PRESiDerr 

USA  ARTILLERY  BD 
FT  SILL  OK  73503 

1  COMMANDANT 

USACGSC 

FT  LVNWORTH  KS  66027-5200 

1  COMMANDANT 

USASWS 

REV  &  TNG  LIT  DIV 
FT  BRAGG  NC  28307 

1  COMMANDER 

RADFORD  ARMY  PLANT 
AMSTA  AR  QA  HI  LIBRARY 
RADFORD  VA  24141 

1  COMMANDANT 

USAFAS 
STSFTSMCN 
FT  SILL  OD  73505-5600 

1  DEPUTY  COMMANDER  SDC 
SFAE  SD  HVL 
DUANOS 
PO  BOX  1500 

HUNTSVILLE  AL  35887-8801 

1  US  ARMY 

EUROPEAN  RESEARCH  OFFICE 
DR  R  REICHENBACH 
PSC  802  BOX  15 
APO  AE  09499-15(K) 


28 


NO.  OF 

COPffiS  ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


3  COMMANDER 
USANGIC 

AMXSTMC3SLEBEAU 

CBEITER 

220  SEVENTH  ST  NE 
CHARLOTTESVILLE  VA  22901 

1  COMMANDANT 
USAFACS 
ATSFCOMW 
B  WILLIS 
FT  SILL  OK  73503 

1  OFHCE  OF  NAVAL  RESEARCH 
CODE  473  R  S  MILLER 

800  N  QUINCY  ST 
ARLINGTON  VA  22217 

2  COMMANDER 
NSSC 

SEA  62R 
SEA  64 

WASHINGTON  DC  20362-5101 

1  COMMANDER 
NSSC 

AIR  954  TECH  LIB 
WASHINGTON  DC  20360 

1  NAVAL  RESEARCH  LAB 
TECH  LIB 

WASHINGTON  DC  20375 

3  COMMANDER 

NSWC  INDIAN  HEAD  DIV 

6210  C  SMITH 

6210JKRICE 

6210C  S  PETERS 

INDIAN  HEAD  MD  20640-5035 

3  COMMANDER 

NSWC  DAHLGREN  DIV 
CODE  G33T  DORAN 
J COPLEY 

CODE  G30G&M  DIV 
DAHLGREN  VA  22448-5000 


3  COMMANDER 

NSWC  DAHLGREN  DIV 
CODE  G301D  WILSON 
CODE  G32  GUNS  SYSTEM  DIV 
CODEE23TECHLEB 
DAHLGREN  VA  22448-5000 

1  COMMANDER 

NSWC  CRANE  DIV 
CODE  4052  S  BACKER 
BLDG  108 

CRANE  IN  47522-5000 

1  COMMANDER 

NSWC  INDIAN  HD  DIV 
CODE  270P1  MR  E  CHAN 
101  STRATUS  AVE 
INDIAN  HEAD  MD  20640 

1  COMMANDER 

NSWC  INDIAN  HD  DIV 
CODE  3120  MR  RRAST 
101  STRATUS  AVE 
DIDIAN  HEAD  MD  20640 

1  COMMANDER 
NSWC  INDIAN  HD  DIV 
CODE  210P1  R  SIMMONS 
101  STRATUS  AVE 
INDIAN  HEAD  MD  20640 

2  COMMANDER 
NSWC  INDIAN  HD  DIV 
CODE  6210  S  BOYLES 
NALMEYDA 

101  STRATUS  AVE 
INDIAN  HEAD  MD  20640 

1  COMMANDER 
NAWC 

CODE  3891  A  ATWOOD 
CHINA  LAKE  CA  93555 

1  OLACPLTSTL 
DSmPLETT 

EDWARDS  AFB  CA  93523-5000 


29 


NO.  OF 
COPIES 

2 

1 

1 

1 

1 


3 


2 


ORGANIZATION 

DIRECTOR 

BENETLABS 

SARWV  RD  G  CARAFANO 
RHASOENBEIN 
WATERVUETNY  12189 

DIRECTOR 
BENETLABS 
SARWV  RDPVOTIS 
WATERVLEITNY  12189 

DIRECTOR 
BENETLABS 
AMSTAARARCCBR 
DR  S  SOPOCK 
WATERVLEITNY  12189 

DIRECTOR 
SANDIANATLAB 
COMBUSTION  RSCH  FAdLITY 
S  VOSEN  DIV  8357 
LIVERMORE  CA  94551-0469 

GENERAL  DYNAMICS 
PRINCETON  COMBUSTION 
RESEARCH  LABS 
N  A  MESSINA 

11  DEER  PARK  DR  BLDG  IV  STE  119 
MONMOUTH  JUNCTION  NJ 
08851 

SNL 

M  VIGIL 
V LOYOLA 
CAPREIXIOT 
DIV  2515 
PO  BOX  5800 

ALBUQUERQUE  NM  87185 

DIRECTOR 

LANL 

BKASHWHIA 
H  DAVIS 

LOS  ALAMOS  NM  87545 

UNTV  OF  nJLJNOIS 
PROF  H  KRIER  144  MEB 
DHT  OF  MECH IND  ENG 
1206  N  GREEN  ST 
URBANA  EL  61801 


NO.  OF 

COPIES  ORGANIZATION 

1  JHUCPIA 
SUITE  202 

10630  LTLE  PATUXENT  PKWY 
COLUMBIA  MD  21044-3200 

1  UNIV  OF  TEXAS 
ARLINGTON 
DR  L  GORDON 
DEPT  OF  ELEC  ENGR 
BOX  19016 

ARLINGTON  TX  76019-0016 

2  NCSU 

J  G  GILUGAN 
MBOURHAM 
BOX  7909 

1 1 10  BURUNGTON  ENGR  LABS 
RALEIGH  NC  279-7909 

2  INSTirUTE  FOR  ADVANCED 

STUDIES 
DR  H  FAIR 
DRIMcNAB 
4030  2  W  BAKER  LANE 
AUSTIN  TX  78759-5329 

1  SRI  INTERNATIONAL 

TECH  LIB 

PROPULSION  SCIENCES  DIV 
333  RAVENSWOOD  AVE 
MENLO  PARK  CA  94025 

1  SPARTA 

DR  M  HOLLAND 

945  TOWNE  CENTER  DR 

SAN  DIEGO  CA  92121-1964 

1  STATED  OF  NY 

DRWJSARGEANT 
DEPT  OF  ELEC  ENGR 
BONNER  HALL  RM  312 
BUFFALO  NY  14260 


1  PENNSYLVANIA  STATE  UNIV 
DR  VIGOR  YANG 
1 1 1  RSRCH  BUILDING  EAST 
UNIVERSITY  PARK  PA  16802 


30 


NO.  OF 

COPES  ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


1  UNIV  OF  TEXAS  AT  AUSTIN 
PROF  PHILIP  VARGHESE 
DEPT  OF  AEROSPACE  ENGRG 
AND  ENGRG  MECHANICS 
AUSTIN  TX  78712-1085 

1  UNTV  OF  MARYLAND 
BALTIMORE  COUNTY 
PROF  THOMAS  SEIDMAN 
DEPTOFMATH/STAT 
BALTIMORE  MD  21250 

3  SAIC 

DR  REX  RICHARDSON 
DR  CC  HSIAO 
DRFSU 

10260  CAMPUS  POINT  DR 
SAN  DIEGO  CA  92121 

1  SAIC 

DR  WOODWARD  WAESCHE 
17IOGOODRIDGEDR 
McLEAN  VA  22102 

1  AEROJET  CORP 
EDUU 

PO  BOX  13222 
SACRAMENTO  CA  95813 

2  CRAFIECH  COMBUSTION 
RESEARCH  AND  FLOW 
TECHNOLOGY  INC 
ASHWIN  HOSANGADI 
SANDY  DASH 

PO  BOX  1150 
DUBLIN  PA  18917 

1  THIOKOL 

SCIENCE  &  ENGINEERING 
ARLEIGH  NEUNZERT 
PO  BOX  707  M/S  230 
BRIGHAM  CITY  UT 
54302-0707 

2  HERCULES  INC 

RADFORD  ARMY  AMMO  PLANT 
DA  WORRELL 
E SANFORD 
PO  BOX  1 

RADFORD  VA  24141 


2  OUN  ORDNANCE 

V  MCDONALD  LIBRARY 
D  WORTHINGTON 
PO  BOX  222 
ST  MARKS  FL  32355 

1  PAUL  GOUGH  ASSOC  INC 

P  S  GOUGH 
1048  SOUTH  ST 
PORTSMOUTH  NH  03801-5423 

1  PHYSICS  INTL  LIBRARY 

HW  WAMPLER 
PO  BOX  5010 

SAN  LEANDRO  CA  94566-05999 

1  SCIENCE  APPLCTNS  INTL  CORP 

GEORGE  CHRYSSOMALLIS 
3800  WEST  80*  ST 
SUITE  1090 

BLOOMINGTON  MD  55431 

1  SCIENCE  APPLCTN  INTL  CORP 
KEITH  A  JAMISON 
1247-BNEGLINPKWY 
SHAUMARFL  32579 

2  SCIENCE  APPLCTNS  INC 
JBATTEH 

L.  THORNHILL 

1225  JOHNSON  FERRY  RD 

SUITE  100 

MARIETTA  GA  30068 

1  EU  FREEDMAN  &  ASSOC 
E  FREEDMAN 
2411  DIANA  RD 
BALTIMORE  MD  21209-1525 

1  VERTTAY  TECH  INC 

MREHSHER 
4845  MILLERSPORT  HWY 
E  AMHERST  NY  14051-0305 

1  BATTELLE 
TWSTIAC 
JN  HUGGINS 
505  KING  AVE 
COLUMBUS  OH  43201-2693 


31 


NO.  OF 
COPIES 

ORGANIZATION 

NO.  OF 
COPIES 

ORGANEATIQN 

1 

lAP  RESEARCH  INC 

ABERDEEN  PROVING  GROUND 

JOHN  P  BARBER 

2763  CULVER  AVE 

DAYTON  OH  45429-3723 

2 

CDR  USACSTA 

ATTN  S  WALTON 

GRICE 

47 

DIRUSARL 

AMSRLWMWD 
APRAKASH 
J  POWELL 
ANIIiR 
H  SINGH 
AMSRLWMP 
A  HORST 
E  SCHMIDT 
AMSRLWMPC 
RSAUSA 

R  PESCE-RODRIGUEZ 
R BEYER 
KMcNESBY 
B PORCH 
TKOTLAR 
SBUNTE 
SDRIESSEN 
SPAI 
PKASTE 
AMSRLWMPA 
T  ROSENBERGER 
MNUSCA 
T  MINOR 
ABIRK 
LM  CHANG 
MMcQUAID 
WOBERLE 
MDELGUERQO 
GKELLHR 
DKOOmi 
K  WHITE  (8  CPS) 
GWREN 
AJUHASZ 
ISTOBIE 

GKATULJ&A(5  CPS) 
AMSRLWMPB 
PPLOSTTNS 
A  ZIELINSKI 
AMSRLWMPD 
B  BURNS 
AMSRLWM 
I  MAY 

AMSRLSLCS 
MAIM  SMITH 


32 


NO.  OF  NO.  OF 

COPIES  ORGANIZATION  COPIES 


2  RARDE  1 

GS2  DIVISION  BLDG  R31 
DR  C  WOODLY 
DR  G  COOK 
FORT  HALSTEAD 
SEVENOAKS  DENT  TN14  7BP 
ENGLAND 

1  MATERIALS  RESEARCH  LAB  1 

SAUSBURY  BRANCH 
ANNA  WILDEGGER  GAISSMAIER 
EXPLOSIVES  ORDNANCE  DIV 
SALISBURY 

SOUTH  AUSTRALIA  5108 

1  LABORATORIO  QUIMICO 
CENTRAL 
DEARMAMENTO 
CPT  JUAN  F  HERNANDEZ 
TAMAYO 
APARTADO1105 
28080  MADRID 
SPAIN 

1  R&D  DEPT 

DR  PIERRE  ARCHAMBAULT 
5  MONTEE  DES  ARSENAUX 
LE  GARDEUR  QUEBEC 
CANADA  J5Z2P4 

1  MARTIN  ROTT 
LEHRSTUHLFUR 
RAUMFAHRTIECHNIK 
TECHNISCHE 
UNWERSITAT  MUNCHEN 
RICHARD-WAGNER  STR.  18/in 
80333  MUNCHEN 
GERMANY 

1  DAVID  MELNIK 
ISRAEL  ATOMIC 
ENERGY  COMMISSION 
AOREQ  NUCLEAR  RSRCH  CNTR 
YAVNE  81800 
ISRAEL 


ORGANIZATION 

DIETER  HENSEL 
FRENCH-GERMAN  RESEARCH 
INSTITUTE  (ISL) 

5  RUE  DU  GEN  CASSAGNOU 
BP  34 

88301  SAINT  LOUIS 
FRANCE 

ROBERT  GARDNER 
DEFENSE  RESEARCH  AGENCY 
EMLF 

GIRDSTINGWOOD 
DUNDRENNAN  DG6  4QZ 
UNITED  KINGDOM 


33 


Intentionally  left  blank. 


34 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
0MB  No.  0704-0188 


^libit^vportin^urSanTorttnscoiiactioi^flnfonnatlon  is  astimatod  to  average  i  hour  per  responso.  Including  th«  time  Ipr  reviewing  Instructions,  Marching  exteting  sourcas, 
gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  Information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this 
collection  of  information.  Including  suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Services,  Wrectorale  for  Information  Operations  and  Reports,  1216  Jefferson 


1.  AGENCY  USE  ONLY  (Leave  blank) 


4.  TITLE  AND  SUBTITLE 


2.  REPORT  DATE 


September  1997 


3.  REPORT  TYPE  AND  DATES  COVERED 

Final,  June  1993  -  June  1994 


5.  FUNDING  NUMBERS 


Plasma  Characterization  for  Electrothermal-Chemical  (ETC)  Gun  Applications  pR;  1L16261 8AH80 
6.  AUTHOR(S) 

Kevin  J.  White,  Gary  L.  Katulka,  Thuan  Khong,  and  Kevin  Nekula 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

U.S.  Army  Research  Laboratory 
AMSRL-WM-PA 

Aberdeen  Proving  Ground,  MD  21005-5066 


9.  SPONSORING/MONITORING  AGENCY  NAMES(S)  AND  ADDRESS(ES) 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


ARL-TR-1491 


1 0.SPONSORING/MONITORING 
AGENCY  REPORT  NUMBER 


12a.  DISTRIBUTION/AVAILABIUTY  STATEMENT 


Approved  for  public  release;  distribution  is  unlimited. 


12b.  DISTRIBUTION  CODE 


13.  ABSTRACT  ^Max/mc/m  200  words) 

Successful  application  of  die  electrotiiermal  chemical  (ETC)  propulsion  concept  will  require  an  understanding  of  the 
propagation  and  interaction  of  plasmas  in  propellant  beds.  This  information  is  necessary  to  exploit  the  igmtion  and 
combustion  control  that  is  possible  with  plasmas.  Toward  this  end,  an  experimental  program  was  designed  to  gain  an 
understanding  of  the  functioning  of  the  plasma  and  the  interaction  of  the  plasma  with  the  propelling  charge,  and  finally  a 
series  of  30-mm  gun  tests,  incorporating  the  experience  gained  in  die  first  two  parts  of  the  program,  was  conducted. 

This  report  describes  the  results  of  the  first  two  parts  of  this  program.  Here  results  are  described  of  tests  on  different 
igniter  centercore  configurations  to  be  used  for  distributing  the  electrical  plasma  within  the  combustion  chamber. 
High-speed  photographic  measurements  were  made  of  open  air  firings  (with  various  centercore  designs)  and  in  a  30-mm 
gun  simulator.  Propagation  velocities  along  with  the  time-sequence  of  events  for  the  functioning  in  the  centercore  tubes 
were  recorded.  High  axial  pressure  gradients  were  observed,  necessitating  mechanically  robust  centercores.  Radiation 
levels  substantially  in  excess  of  conventional  igniters  were  also  noted.  These  observations  were  exploited  in  the  design 
of  a  plasma  distribution  centercore  for  30-mm  gxm  tests. 


14.  SUBJECT  TERMS 


15.  NUMBER  OF  PAGES 


ETC,  ballistics,  plasma,  cinematography,  radiation 


17.  SECURITY  CLASSIFICATION  18.  SECURITY  CLASSIFICATION 
OF  REPORT  OF  THIS  PAGE 

UNCLASSIFIED _ UNCLASSIFIED 

NSN  7540-01-280-6500  or 


16.  PRICE  CODE 


19.  SECURITY  CLASSIRCATION  20.  LIMITATION  OF  ABSTRACT 
OF  ABSTRACT 

UNCLASSIFIED  _ UL 

Standard  Form  298  (Rev.  2-89) 

Prescribed  by  ANSI  Std.  239-1 8  298-1 02 


Intentionally  left  blank. 


36 


USER  EVALUATION  SHEET/CHANGE  OF  ADDRESS 


This  Laboratory  undertakes  a  continuing  effort  to  improve  the  quality  of  the  reports  it  publishes.  Your  comments/answers 
to  the  items/questions  below  will  aid  us  in  our  efforts. 

1 .  ARL  Report  Number/ Author  ARL-TR-1491  ("Whitel _ Date  of  Report  September  1997 _ 

2.  Date  Report  Received  _ _ _ _ _ 

3.  Does  this  report  satisfy  a  need?  (Comment  on  purpose,  related  project,  or  other  area  of  interest  for  which  the  report  will 

be  used.) _ _ _ _ _ _ _ _ _ 


4.  Specifically,  how  is  the  report  being  used?  (Information  source,  design  data,  procedure,  source  of  ideas,  etc.) 


5.  Has  the  information  in  this  report  led  to  any  quantitative  savings  as  far  as  man-hours  or  dollars  saved,  operating  costs 
avoided,  or  efficiencies  achieved,  etc?  If  so,  please  elaborate. _ _ _ _ _ 


6.  General  Comments.  What  do  you  think  should  be  changed  to  improve  future  reports?  (Indicate  changes  to  organization, 
technical  content,  format,  etc.) _ _ _ _ _ _ _ 


Organization 

CURRENT  Name  E-mail  Name 

ADDRESS  _ 

Street  or  P.O.  Box  No. 

City,  State,  Zip  Code 

7.  If  indicating  a  Change  of  Address  or  Address  Correction,  please  provide  the  Current  or  Correct  address  above  and  the  Old 
or  Incorrect  address  below. 


Organization 


OLD  Name 

ADDRESS  _ 

Street  or  P.O.  Box  No. 


City,  State,  Zip  Code 

(Remove  this  sheet,  fold  as  indicated,  tape  closed,  and  mail.) 
(DO  NOT  STAPLE) 


DEPARTMENT  OF  THE  ARMY 


OFFICIAL  BUSINESS 


BUSINESS  REPLY  MAIL 

FIRST  CLASS  PERMIT  NO  0001,APG.MD 


POSTAGE  WILL  BE  PAID  BY  ADDRESSEE 


DIRECTOR 

US  ARMY  RESEARCH  LABORATORY 
ATTN  AMSRL  WM  PA 

ABERDEEN  PROVING  GROUND  MD  21005-5066 


NO  POSTAGE 
NECESSARY 
IF  MAILED 
IN  THE 

UNITED  STATES 


